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APPENDIX A 


THE FORMALISM OF THE SIDELOBE SUPPRESSION ALGORITHM 

A. Given %( 0j) for k = 1, K elements j = O, J pattern points, choose 

a main-beam direction " 0 O ", a sideiobe suppression region ^>j M , and 
an initial set of sidelcV ,> ppression weights M Bj". (A caret desig- 
nates a complex quanti: ) 

B. Select the main-lobe »• > r 

G] = e k (© Q )] ; k= 1, - . K A-(l) 

C. Compute a Sideiobe Covariance Matrix 


[M] = 


I * 


l BiVapVep 

i=l 


k = 1, , K 

t = 1. . K 

(An asterisk designates a complex conjugate) 

D. Solve for the Excitation Vector 

W] = W k ] k = 1, , k 

Us?'ng the matrix equation 

W ] = [ I + M] “* G*] 

where 


[ I ] = Identity Matrix 

[ ] * 1 = Inverse of the Transposed Matrix 

T 

/\ . ^OLD 1 

Normalize the weight vector ] = 

E, Compute the Resulting Gain 


OLD 


w old] 



W] | 
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A- (2) 


A-C3) 


A-(4) 


A- (5) 


F. Compute the Resulting Sideiobe Performance 


A- (7) 


__ J 

SL = I (SL)j 
J 

G. If lower sidelobe performance at the expense of reduced gain is 
desired, based upon a comparison of the results from steps "D" and "E" 
to corresponding peformance requirements, iterate the optimization by 
proceeding to step "H", otherwise stop. 

H. Increase " 6 j" in high sidelobe regions and return to step "C"; 

i.e.. If (SL)j > y * SL A-(8) 

Then < 8 j>NEW = ® PoLD + 

A-(9) 


A-2 


APPENDIX B. SYSTEM NOISE FIGURE CALCULATION 


The overall noise figure for a general system is defined as the quotient 
of a reference signal- to- noise ratio and the signal- to- noise ratio at the 
output of the system, 


(S/N) R£F 
NF = 

(S/N) 0 ut 


(Bl) 


For a two port system as shewn in Figure B-l, the reference is usually 
taken at the system input making 


(S/N) 1N G, NF (S/N) oux 


Figure B-l. Two Port System 
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( B2) 


For a system with gain G and internally added noise N ADD , (B2) may be 
written as 


NF = 


S I N /N IN 

s OU t /n out 


s in /n in 


GS in /(GN in + N add ) 


gn in + n add 


GN ; 
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( B3) 


(B4) 


( B5) 


This is an equivalent definition which states that noise figure is the net 
noise present at the output of a system which imparts additive noise refer- 
enced to the noise present at the output of an equivalent ideal system which 
contributes no additive noise. 

In a multi-port beamforming network such as shown in Figure B-2, the 
signals at the element ports may not be identical. Additionally, if elemental 
receiver modules are employed, each having different gains and noise fig- 
ures, then the signal- to- noise ratios at the combiner inputs will not be 
equal. In this situation, to determine the overall system noise figure, the 
reference signal- to- noise ratio is defined as the ratio that would be present 
at the output of a system which has noiseless receiver modules and a lossless 
combiner. It is assumed the combiner has matched inputs (features an iso- 
lated port). Such a system is shown in Figure B-3. This reference signal- 
to- noise ratio is in accordance with the definition given earlier. 


M Tot.! Por,s 


S ELE_ 



Figure B-2. General Multi-Port Beamforming Network 


M Tot.l Porti 



Figure B-3. Reference Multi-Port Beamforming Network 





s ELEm and n ELE are the signal and noise powers at the m th element 

input while Srrf and Nref are th® signal and noise powers at the reference 
beamformer output. Notice that it has been assumed that the noise powers 
at each of the element inputs are equal which is a reasonable assumption 
when all elements are pointed in the same direction. G m arid NF m are 
the power gain and noise figure respectively of the m* h elemental 
receiver module with the noise figures identically zero in the reference 
system. For non-active or "OFF” modules, G m equals zero. C m are the 
voltage coupling coefficients which may be compk :. 

The signals at the combiner output add coherently, therefore 


M Total 

S REF s l m z =1 ^ S ELE m / "^m C m ? • 

The noise at the combiner output adds non-coherently so that 


( B6) 


M Total 

N REF = ^ =1 I / N ELE J G m 



( B7) 


The reference signal- to- noise ratio is therefore from equations (B6) and 
(B7) , 


(S / N ) reF - 


M Total 

Z / S pi p / G_ 
m=l ELE m m 
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M Tota 1 
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m= 1 
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( B8) 


To derive the noise figure expression for the general multi-port beam- 
forming network, the signal- to-noise ratio at the output must be determined 
for the case where the elemental receiver module noise figures are non-zero. 
Referring to Figure B-2, the signal power at the combiner is given by 


^ Total 

S OUT = J, r =1 v S ELE m ^ G m C nJ 2 ’ (B9) 

The noise power at the output can oonsist of two components. A non-co- 
herent part which is amplified element noise and non-coherent additive 
noise, and a coherent part which may be due to noise from a common local 
oscillator if frequency translation takes place in each of the receiver mod- 
ules. If NflCm a ^d N(x)H m represent these non-coh^rent and coherent 

noises at the m* h amplifier module output, then the ..oise power at the 
beamforming network output is 
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From equations (B9) and (BIO), the output signal-to-noi8e ratio is 

Mr 
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(Bll) 


A non-active or "OFF" module contributes no coherent noise. Further, the 
coherent noise contributions from active modules may be assumed to be 
equal. Therefore, the output signal-to-noise ratio may be expressed as 


(S/N) 0lT = 
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(B12) 


where M a ctive * s thfe number of "ON" receiver modules. 


Substituting the signal-to-noise ratio expressions (B8) and (B12) into 
the noise figure expression, equation (Bl), gives for the beamforming 
network 
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B-4 




Using the noise figure definition of equation (B5), the noise figure for the 
m** 1 receiver module may be written as 


NF_ = 
m 


N NC m + N COH m 
G m N ELE 


( B14) 


where as before, Nmp contains the contribution of both additive non- 

* m 

coherent noise and amplified non-coherent element noise G m Ngu?. 
Solving equation (B14) for N^Cm gives 


N NC m " ^m G n; N ELE “ N COH m 
which when substituted into equation (B13) yields 


( B15) 
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(B16) 

As before, the coherent noise contributions are equal for active amplifier 
modules and zero for non-active modules. Thus, the noise figure expression 
becomes 
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(B17) 

For the "OFF” or non-active receiver modules G m equals zero. For 
these modules 


[ NF m G m = 


N NC m + N COH 
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B-5 


where NQpp is the non-coherent additive noise from an "OFF" receiver module. 
Using this expression in equation (B17) results in 


NF = 


M active „ . l2 N OFF M Total l2 N COH , , M Active l2 M Active l2 

E NF_ G m C m r+ E |Cj z + ( E C J 2 - E |C 2 

m-i m m 1 m 1 m m-M ni' » 1 _ _ i m 1 m-i 
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(B19) 

If the combiner under consideration is uniformly weighted, then the voltage 
coupling coefficients C m are given by 
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m 1 


/ M 


( B20) 


Total 


Therefore, the noise figure expression (B19) for this special case becomes 
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(B21) 


Equations (B19) and (B21) represent the noise figure of a beamforming 
network having non-equal signal inputs, non-equal elemental receiver module 
characteristics, and a lossless combiner. The mean gain for this system is sim- 
ply 


G = 


^ A c t i v e 
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m = 1 
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M Tota 1 


( B22) 


B-6 


The overall noise figure which includes the effects of combiner loss may be 
determined by considering two cascaded networks as shown in Figure B-4. 
The first network has a noise figure and gain as calculated by equataions 
(19) or (21) and (22). The second network accounts for the combiner loss 
LcoMB and has a noise figure numerically equal to this loss. Therefore, 
the overall noise figure is given by 


l COMB _1 

NF OVERALL = nf + 


and the overall gain is 


(B23) 


G OVERALL= g/l comb* 


( B24) 



Figure B-4. Beamforming network with combiner losses 
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SECTION 1 


1 


1.3. INTRODUCTION 


INTRODUCTION AND SUMARY 


The primary effort of G.E. SSO during Phase I of this program was aimed at 
analyzing a confocal parabolic, electronically scanned, Gregorian type antenna 
system. This effort was broken up Into two main tasks , namely the analysis of 
the optical system and the analysis of the MMIC beam combining network. The early 
part of phase I was devoted to determining a baseline optical system capable of 
Imaging a desired far field pattern to a phased array system such that proper 
element weights could be determined. The primary parameters which were 
Investigated Included the F/D, the magnification (M),the subreflector size , and 
the reflector offset. Once the optical system was defined, several array 
configurations were considered to verify the spherical mode approach as well as to 
define the Initial design point for the Gregorian system. The verification was 
accomplished by comparing the secondary patterns produced using spherical mode 
techniques with those produced using a near field physical optics approach. This 
verification was required since the spherical mode approach had not previously 
been used In the analysis of apertures of this size. A description of the 
spherical mode technique appears In section 1.3.2. Several reflector program 
modifications including a non-linear offset grid were made to significantly reduce 
the computation time by optimally selecting the number of modes required to 
accurately desclbe the pattern. The reflector program Is discussed in section 
1.3.1. 


It was originally Intended that the weights for the Individual array elements 
would be optimized using a secondary pattern synthesis approach. This approach 
entails computing the secondary pattern of each element in the array. The 
elemental information furnishes a data base utilized In the optimization of the 
system secondary pattern. Due to the number of elements (600-1200) that are used 
In the Gregorian system, the computation time for determining these Individual 
element far field patterns (approximately 4 Hrs/element on a HP 1000) was 
prohibitive. The optimization program Is extremely powerful to fine tune the 
element weights once an optical system *1s properly selected. However, this 
program provides no direct information regarding the optical system parameter 
selection. An approach which determines the amplitude and phase on each element 
In the array prior to computing the secondary pattern was developed based on an 
Inverse ray tracing technique. This approach can be used to provide optical 
system information such as the selection of the magnification factor, and the size 
and location of the subreflector and the array aperture. This method is descibed 
In detail in section 1.3.3. 

Once the weight of each element was determined, the system performance, as well as 
the parameters which characterize the beam forming network was investigated. 
These parameters Included phase quantization, phase shifter error, phase shifter 
failure, amplitude taper, amplitude error, and amplifier failure. These 
parameters were varied, primarily, to determine their effect on peak gain and 
maximum sldelobe level. The Information obtained from this parametric study is 
contained in sections 3 and 4. 


1.2 THE GREGORIAN SYSTEM 


2 


The system configuration being studied consisted of two confocal paraboloids 
arranged In a Gregorian fashion, and an offset phased array located parallel to 
the focal plane. The offset plane cross sectional view of the system Is depicted 
In figure 1.2*1 and a conceptual sketch Is shown in figure 1.2*2. 


1.3 SUMMARY OF COMPUTER PROGRAMS 

1.3.1 MAIN REFLECTOR PROGRAM 

The reflector program used to analyze the Gregorian system under consideration Is 
based on physical optics theory. The reflector surface Is projected onto a polar 
grid as shown In figure 1.3*1. This polar form requires approximately 1/3 the 
number of samples that would be required for a cartesian astern. The number of 
angular and radial cuts are determined from sampling theory. Once the grid has 
been defined, the current In each element bounded by the grid Is determined. This 
current Is assumed to be constant throughout each Incremental 'area. The grid 

definition Is extremely Important In large aperture systems, such as the one under 
consideration, since. Improper sampling may Introduce ficticious power (grating- 
lobes). If the grid increments are large In areas where the current distribution 
Is changing rapidly, the elemental current may not accurately describe the actual 
current distributions. In the present large diameter offset reflector system, the 
distance between grid points could be several wavelengths near the peak current 
point. Thus a v:h finer grid system must be defined. A finer grid system is a 
rather ineffi ^nt way to solve the sampling problem. Therefore several 
techniques were implemented to reduce the number of grid points while maintaining 
accurate current representation. First an offset grid system was developed. This 
allows the grid center to be shifted to the peak current point where the surface 
current will tend to change most rapidly and where the current magnitude is most 
concentrated. In addition , a non-linear angular and radial step size can be 
specified. This allows more samples to be taken near the peak of the current 
thereby providing a more accurate surface current description. The offset non- 
linear polar grid configuration Is shown In figure 1.3-2 Comparisions of 
subreflector far field patterns using a standard polar grid and an offset non- 
linear polar grid are given In figures 1.3-3 and 1.3-4. As can be seen from this 
data the offset non-linear grid Is required to accurately represent the current on 
the reflector surface. 

1.3.2 DESCRIPTION OF THE SPHERICAL MODE APPROACH 

General Electric S.S.D. has been working with a unique method of simulating feeds 
and analyzing reflector configurations using spherical mode techniques since 1978. 

One merit of the spherical mode approach Is that. In general, the far field of a 
reflector or feed element can be accurately described In a relatively small number 
of complex coefficients which makes the programs very efficient. For 10 > 
apertures the spherical mode approach Is approximately 5 times faster than a true 
near field physical optics approach. For 50 x apertures the spherical mode 
approach Is twice as fast as the physical optics technique. 

The spherical mode technique Is based on the solution of the vector wave equation 
In spherical coordinates. For EM fields of a radiating structure expressed by E 
and H conventionally, the coefficients of the vector wave equation of the form Amn 
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and Bmn In spherical coordinates can be determined. This process Is referred to 
as spherical mode expansion (SME). Frr a given set of spherical mode 
coefficients, the EM fields (E,H) can be determined from a knowledge of the vector 
orthogonal functions. This process of determining E and H from spherical mode 
coefficients Is referred to as spherical mode reconstruction (SMR). Since, In the 
far field, the radial function can be factored out of the wave equation, a set of 
spherical mode coefficients can easily be determined. By reinserting the radial 
function Into the vector orthogonal functions, t«e near field can be computed. 
This far to near transformation Is extemely Important for the system under 
consideration In that the subreflector Is within the near field of the array 
aperture and the main reflector Is within the near field of the subreflector. 

1.3.3 DESCRIPTION OF ARRAY SYNTHESIS APPROACH 

The array systhesls Is designed to produce the following array parameter; 
complying with the system performance requirements. 

1) Array location 

2) Array size 

3) Element size & spacing 

4) Element weight, phase & amplitude 

5) Phase quantization, number of bits 

6) Sensitivity to random errors 

The first synthesis method evaluated was the secondary pattern optimization 
approach. The advantages of this method are: 

1) It provides an overal view of the system performance. 

2) It optimizes performance parameters simultaneously on a global basis. 

3) It provides the insight to performance tradeoffs 

The disadvantages are: 

1) It provides no physical Insight regarding the initial system design. 

2) It requires the Individual secondary pattern of each of the array 
elements; and the patterns have to be re-computed once the array or any 
other system parameter Is adjusted. 

The computational efforts become prohibitive, ‘If the number of array element J s 
large, or the Initial choice of the array and/or system parameters Is not close to 
optimum. 

The second synthesis method was developed based on inverse ray tracing 
technlque(IRTT). This method has effectively decoupled the array synthesis from 
the optical system design. It also provides the designer with the near-optimum 
optical system design efficiently and economically. However, IRTT Is not a 
replacement for the synthesis by the secondary pattern optimization. Instead, it 
supplements the first array synthesis approach. 

The following describes the IRTT development. 


In the early stages of the study, secondary patterns were computed (re: Table 
7.1-1). In almost all of the unscanned cases, reasonable secondary patterns were 
obtained. But none of the scanned cases showed satisfactory results. 


9 

To better understand the results that were obtained, an Investigation was 
conducted In three major areas. The first was aimed at verifying the Imaging 
concept where an array with 6 times the feed array diameter and element spacing 
(l.e. 3.18"»6x0.53) and with the same number of elements (1039) was assumed to 
replace the main reflector aperture. The unscanned far field patterns of the 
"magnified" array show excellent agreement with the actual unscanned system 
secondary pattern as can be seen In figures 1.3*5 and 1.3*6. The aperture Image 
concept was thus established for the unscanned case. 

The second area of Investigation was aimed at explaining the unsatisfactory 
results for the scanned case. A ray tracing technique was Implemented to aid In 
this Investigation. It was found that rays leaving the array plane In the same 
direction corresponding to a specific scan angle arrived at the scan plane with 
different path lengths leading to phase error problems. This concept Is shown In 
figure 1.3*7. Figures 1.3*8 - 1,3*11 show these path length errors as a function 
of element position and array scan angle for two different geometries. In 
addition, these rays will arrive in different directions as can be seen In figure 

1.3- 12. The far field scanning angle as a function of element position and array 
scan pointing angle for two different geometries Is depicted In figures 1.3-13 - 

1.3- 16. Both of these effects become more pronounced at larger scan angles. The 
scan plane is a plane passing through the focus, perpendicular to the system scan 
direction . If the system scan becomes zero, all the secondary rqys are parallel 
to each other and all the ray path lengths are equal. Based upon these results, 
the reasons for the unsatisfactory scanned results are well understood. 

The third area of Investigation dealt with finding a method to handle the scanned 
cases, leading to the development of the Inverse ray tracing technique (IRTT). The 
word "inverse" was used to Imply that the rays were traced from the secondary back 
to the primary, l.e., from the main dish through the subreflector to the array. 
See figure 1.3-17. A necessary condition to obtain peak radiation In the scanned 
direction is that the rays in the scanned direction must be In phase. To have the 
secondary rays parallel to each other In the scanned direction, they must leave 
the array plane at specific angles. The ray emmltlng angle at the array element to 
produce an In phase secondary ray in the scanned direction Is a function of the 
element location and the parameters of the optical system. Once the ray emitting 
angle Is determined, the path length from th$ array element to the scan plane can 
be calculated. The phase of each of the array elements can thus be equalized by 
using the phase shifters to provide equal phase across the scan plane. This 
procedure provides a basis for array element phase settings. Figure 1.3-18 shows 
the path length from a point on the reflector tc a point on the array for a given 
scan direction as the point moves In both the X and Y directions across the 
reflector surface. The amplitude settings of the array elements can also be 
determined using the Inverse ray tracing technique, since the amplitude taper 
across the scan plane dictated by the performance requirements can be mapped back 
to the array plane to obtain the desired array amplitude taper. 


1.3.4 VERIFICATION OF COMPUTER PROGRAMS 

The use of spherical modes for apertures exceeding 100 wavelengths had not been 
completely verified prior to the start of this contract. Therefore, before the 
spherical mode approach could be confidently utilized, a justification of the 
method had to be made. This justification Involved computing the secondary 
pattern of the system using both spherical mode techniques and a near field 











F/D 


3 



ARRAY ELEMENT LOCATION <IN> fa. 1.*- 












ELEMENT ANGLE (DEG) 





Scan plane 





25 DEG 



ARRAY ELEMENT LOCATION <IN> 






ELEME 








ELEMENT© 



ELEMENT ANGLE <DEG> 








> 


(HI ) 


laaaoo 1H3W313 










physical optics aproach. Since the nearfleld physical optics method Is an 
accepted approach, good correlation between the two techniques would justify the 
method. Several cases were analyzed In verifying the spherical mode approach for 
the Gregorian system under consideration. These cases are summarized In Table 
1.3-1. The first Involved computing the current Induced on the main reflector for 
a single feed element using the two techniques described above. The results of 
this comparlslon are shown In figures 1.3-19 - 1.3-24. As can be seen, there Is a 
good correlation between the two approaches. The second comparlslon Involved the 
Investigation of a seven element hex array. In this case, the secondary pattern 
of the array was treated as a single feed element. The results of the comparlslon 
using spherical mode techniques (SMT) and near field pyslcal optics (NFPO) are 
presented In figures 1.3-25 - 1.3-30. Again excellent correlation between the two 
approaches is evident. The final benchmark of the SMT approach Involved the 
analysis of a 397 element (12 ring) hex array. The results of this analysis are 
given In figures 1.3-31 - 1.3-36. A comparlslon of SMT with the NFPO approach 
provided results which are considered to be well within acceptable limits. As a 
result of the SMT verification effort It was concluded that the SMT approach 
provides results which can accurately represent the secondary far field pattern of 
systems with aperture diameters In excess of 100 wavelengths. The upper limit of 
SMT capability on the size of aperture diameters Is determined by the number of 
modes dimensioned In the program which Is a function of the computer on which the 
SMT programs are Implemented. 


TABLE 1-3.1: Swroary of Cases For SMT Verification 
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SECTION 2 

OPTICAL SYSTEM DESIGN 

2.1 BASELINE CONFIGURATIONS 


In determining the optical system set-up, there are several Important parameters 
to be considered. These parameters Include the F/D, the magnification (N), the 
subreflector size* and the reflector offset. The primary objective of the optical 
system trade off was aimed at determining a system which would provide the 
required gain for a given array aperture size. In order to achieve the minimum 
gain requirement, a 108 Inch main reflector was chosen. The maximum theoretical 
gain that can be achieved with such a reflector Is 58 db at 27.5 GHz. This leaves 
a 5 dB margin for a scanning beam system, which Is satisfactory for an Initial 
baseline design. Three optical systems were Investigated using the above main 
dish. For the first, an F/D fo 1.25 was chosen with a magnification factor of 3. 
For the required array scan angles (which are approxlmatrly M times the far field 
scan angles), a subreflector size of 55.81nches would be required. To avoid 
blockage a reflector offset (Q) of 30" Is necessary. This optical system Is 
sketched In figure 2.1-1. For the second and third systems a magnification of 6 
was chosen with F/D of 1.0 and 1.25, respectively. To Include the array scan 
angles to cover CONUS, a subreflector size of 37 Inches Is required for an F/D of 
1.0 and a 39.5 Inch subreflector Is required for an F/D of 1.25. A reflector 
offset of 60" was specified to avoid blockage. These configurations are shown In 
figures 2.1-2 and 2.1-3. Since the magnification factor directly Influences the 
number of array elements required, the second and third systems described above 
were chosen as baselines. 

2.2 DESIGN CONSIDERATIONS 

2.2.1 DESIGN BY IRTT 

The Inverse ray tracing technique provides a simple and straight forward means to 
determine the main dish Images on the sub-dish, the array plane and the scan 

plane, while the rays at the scan plane. are forced to be In the same (scan) 
direction. It can also be used to determine the Images of the array on the sub- 
dish, main dish and the scan plane, while the rays at the scan plane are all In 

the scan direction. 

IRTT can also be used to plot the "conjugate” surface of the main dish, which Is 
formed by the loci of the conjugates of the points on the main dish (Ref.l). A 
two dimensional plot of the conjugate surfaces was shown In F1g.2.2-1 and 2.2-2. 

By examining the main dish Images on the sub-dish for various scan angles, the 
size and location of the sub-dish can easily be determined, see Figs. 
2.2-3— 2.2-7. The effects of the array plane location on the array size and 
location were depicted in F1g.2. 2-8— 2.2-10. 

Figures 2.2-11 - 2.2-17 show the mapping of the main reflector surface onto the 
array plane and the subreflector for magnifications of 3, 4, and 5. In these plots 
the Ideal array plane location was estimated. As can be seen, a lower 

magnification factor will tend to maximize the common mapped region. Figures 
>'2.2-18 and 2.2-19 show the effects of changing the reflector offset. It can be 
determined that as the offset distance is reduced, the mapped area tends to 
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converge, thereby maximizing the common area. This point will be elaborated In 
Section 2.2.2. 

2.2.2 MAIN REFLECTOR OFFSET 

The bottom edge of the main dish is to be as close to the optical axis as 
possible. The blockage considerations place a limitation on how close It can be. 
However, there exists another type of restriction, which Is not at all obvious but 
sometimes more stringent than the blockage. This new restriction surfaces when 
one uses IRTT to determine the conjugate surface of the main reflector. There 
exists a distinct conjugate surface for a specific system scan angle. It looks as 
If all the conjugate surfaces are moving toward the focus as the points on the 
main dish are moving toward the optical axis. But, this Is true only Initially. 
As the points on the main dish move further toward the axis, the conjugate 
surfaces bend over and move away from the focus, then oscillations start In a 
fashion similar to the tangent fuctlon about 90 degrees. This Image fold-back 
phenomenon Is physically explainable and Imposes a restriction on the minimum main 
dish offset. The fold-back phenomenon was depicted In figures 2-2-20 and 2.2-21, 
which often occured with negative scan angles (scan toward the optical axis). 


2.2.3 ARRAY LX ATI ON A SIZE 

The system performance Is very sensitive to the array plane location. The array 
plane should be located such that the main dish Images corresponding to all 
possible scan angles have a maximum overlap. If the extent of system scan Is 
synmetrlcal with respect to both the offset plane and the asymmetry plane, then 
the array center should coincide with the conjugate of the main dish center point 
In the unscanned case. Otherwise, the array location has to be derived from the 
knowledge of the main dish Images on the Intended array plane, where maximum 
overlap of the Images Is obtained. The overlapped Images as a function of array 
plane location are shown In figures 2.2-22 - 2.2-25. 

Once the array location Is determined, the size of the array aperture should be 
chosen to be equal to or slightly smaller than the overlap area. The reason for 
selecting the 'overlap* area Instead of the 'Image coverage' area Is to be chosen 
for the array aperture Is explained below. 

If an array element Is In the 'Image coverage' area but not In the 'overlap' area, 
then It does not contribute to system main beam In all of the scan directions. If 
It does not contribute to the main beam, Its contribution then goes to the 
sldelobes and hence must be avoided to prevent performance degradation. 


2.2.4 SYSTEM ORIENTATION ASSIGNMENT 

To cover the entire CONUS, the required E-H scan Is +• 3.5 degrees and the 
required N-S scan Is +- 1.75 degrees. The effects of system orientation 
assignments were studied and shown In Figures 2.2-26 - 2.2-29. It was evident 
that the system offset plane should be assigned North- South to minimize the sub- 
dish as well as the array size needed. 
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SECTION 3 


DETERMINATION OF PHASED ARRAY SYSTEM 


3.1 ARRAY CONFIGURATION STUDY 

3.1.1 DEFINITION OF ARRAY TYPE 

Before a tradeoff of the MMIC parameters can be made the phased array system must 
be determined. The primary concern with setting up the array system is the 
location of the grating lobes. Basically the grating lobe location is a function 
of the element spacing as well as the array packaging. From the expression 
relating the element spacing and the grating lobe location. It can be determined 
that as the element spacing decreases, the angle at which the grating lobe will 
occur becomes larger. As the array is scanned this grating lobe moves toward the 
main lobe. The extent to which the grating lobe will converge is dependent upon 
the scan angle and the element packaging. Since It is desirable to minimize the 
number of elements, the element spacing should be chosen such that the grating 
lobes do not Impinge on the subreflector for the array scan angles required for 
CONUS coverage. There a»*e three basic array configurations which can be specified 
namely a rectangular array, a circular array or a hexagonal array. In this study a 
rectangular array was not considered due to the regularity of the lattice 
structure as well as the loose packing of the elements, both of which tend to 
cause the grating lobes to move In towards the main lobe. 

Several circular configurations were Investigated. Although the circular 
configuration tends to have loosely packed elements, a randomness can be added to 
the structure by specifying the starting location of each ring as well as the 
spacing between the rings. This random nature will tend to suppress the grating 
lobes thus makinq a circular configuration a viable candidate. Two configurations 
were Investigated. The first was a 13 ring setup utilizing a .72 inch (1.825 
wavelength) element spacing. This configuration Is shown in Figure 3.1-1. (This 
pattern as well as other array far field patterns are located in Appendix A). The 
far field pattern for an unscanned beam Is plotted In Figure 3.1-2. For an array 
scan of 21 degrees which corresponds to an approximate secondary scan of 3.5 
degrees, the array far field pattern Is shown in Figure 3.1-3. A 16 ring circular 
configuration was also Investigated. A .59 inch (1.5 wavelength) element spacing 
was implemented in this set-up. This configuration Is shown in Figure 3.1-4. The 
array far field pattern Is plotted for the unscanned case In Figure 3.1-5. For a 
21 degree array scan the far field pattern is shown in Figure 3.1-6. 

Two hexagonal and one modified hexagonal array configurations were also analyzed. 
Due to the dense packing of elements afforded by this set-up, the hexagonal array 
becomes the prime candidate, in that the grating lobes of a tightly packed array 
will tend to move away from the main lobe. The first configuration which was 
Investigated was a 13 ring hex array with .72 Inch (1.825 wavelength spacing). 
This set-up is depicted In Figure 3.1-7. The unscanned array pattern corresponding 
to this configuration Is plotted in Figure 3.1-8. For an array scan angle of 21 
degrees the far field pattern Is found in Figure 3.1-9. 

A 16 ring hexagonal array was also considered. The element spacing for the array 
was .59 Inches (1.5 wavelengths). This set-up is shown In Figure 3.1-10. The 
unscanned array pattern t/»d a 21 degree scanned array pattern are plotted in 


Figures 3.1-11 and 3.1-12., respectively. 

A 20 ring hexagonal array modified to fit Into a circular aperture was also 
analyzed. This configuration Is shown in Figure 3.1-13. It was felt that the 
contribution of the corner elements In the hex array was minimal and they could 
therefore be eliminated without Introducing adverse effects. The unscanned array 
pattern for this modified configuration Is plotted In Figure 3.1-14. The array far 
field pattern for a beam scanned to 21 degrees is shown in Figure 3.1-15. 

A composite plot of grating lobe location versus element spacing for the five 
configurations which were analyzed is shown In Figure 3.1-16 for an unscanned 
array beam and in Figure 3.1-17 for a beam scanned to 21 degrees. The peak gain 
within the angles subtended by the subreflector are plotted for a 0 degree scan 
and a 21 degree scan In Figures 1.3-18 and 1.3-19, respectively. The overall 
conclusion that can be made as a result of this investigation Is that the 20 ring 
modified hexagonal array produces the best overall results. On the basis of this 
conclusion, this configuration was adopted as the baseline array type. 

3.2 STUDY OF ARRAY TAPER 

To achieve the required sidelobe levels an amplitude taper across the array will 
be required. Several functions for determining the proper array taper were 
Investigated Including a binomial function, a cosine to the n function and a 
Chebyshev function. A trade off of the above functions showed that all three 
produced similar results, thus the binomial function was chosen for determining 
taper levels. 

Since the 20 ring hexagonal array modified to fit Into a circular aperture was 
Initially chosen as a baseline prior to this investigation, the major emphasis on 
the taper analysis was aimed at this configuration. Data on the 13 ring hex array 
and 16 ring hex array was also taken for trade off purposes. The far field array 
patterns for these two configurations are shown In Figures 3.2-1 through 3.2-6 for 
three different taper levels. The first case considered for the 20 ring modified 
hex array utilized 5 taper levels corresponding to the levels of MMIC 
amplification which are available. The array far field pattern for this case is 
found In Figure 3.2-7. The maximum sidelobe was found to be 30 dB down from peak 
for an unscanned pattern. It was decided that sidelobe levels of 40 dB down 
(minimum) would be required for an unscanned array to assure that the secondary 
pattern sidelobe levels remain below 30 dB down under all situations. Sidelobe 
degradation due to the optical system as well as phase shifter and amplifier 
variations and random component failures were considered In mandating this extra 
10 dB margin. To generate data for the parametric study 16 taper levels and 26 
taper levels were also analyzed. The unscanned far field array patterns for these 
two cases are plotted In Figures 3.2-8 and 3.2-9. 

Curves of peak gain versus taper level and maximum sidelobe level versus taper 
level for all the cases considered are found In Figures 3.2-10 and 3.2-11, 
respectively. For the 20 ring modified hex, a 26 level taper was chosen, although 
a 16 level taper would probably prove to be adequate. A 26 level taper allows a 
beter fit to the binomial curve. The amplitude levels used (referenced to zero 
dB) as well as the diameter (In centimeters) at which the level assumes a new 
value Is given in Table 3.2.1. Since only 5 amplification levels are available, 
additional tapering would have to be incorporated Into the beam combining network. 
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TABLE 3.2-1 TAPER LEVELS FOR CIRCULAR SHAPED 20 RING MODIFIED HEX ARRAY 

Level # <ffi Level Diameter of Taper Level (cm) 


1 

3 

o 

• 

1 

2.7 

2 

-.163 

4.7 

3 

-.218 

5.4 

4 

-.493 

8.1 

5 

-.660 

9.3 

6 

-.885 

10.8 

7 

- 1.401 

13.5 

8 

- 1.518 

14.0 ' 

9 

- 2.050 

16.2 

10 

- 2.783 

18.7 

11 

- 2.845 

18.9 

12 

- 3.802 

21.5 

13 

- 4.532 

23.3 

14 

- 4.941 

24.2 

15 

- 6.287 

27.0 

16 

- 6.877 

28.0 

17 

- 7.870 

29.6 

18 

- 9.721 

32.3 

19 

- 9.970 

32.6 

20 

- 11.863 

35.0 

21 

- 13.918 

37.3 

22 

- 14.280 

37.7 

23 

• 16.824 

40.4 

24 

- 18.215 

42.0 

25 

- 19.036 

43.0 

26 

- 20.000 

46.0 


SECTION 4 


CONSIDERATION OF MIC COMPONENTS 


4.1 MIC ANALYSIS OVERVIEW 


The performance of solid state components In electronically scanned systems plays 
a crucial role In analyzing the overall system behavior. The major factors to be 
considered In the Investigation of electronic components Include phase 
quantization, phase shifter ernrs, phase shifter failures, amplifier 
fluctuations, and random amplifier failures. The next five sections are devoted to 
summarizing Information that wt* collected while analyzing the above topics. In 
these sections a 13 ring ^agonal array with a 19 level taper, a 16 ring 
hexagonal array with 24 taper levels and a 20 ring hexagonal array (modified to 
fit Into a circular aperture) with 26 taper levels are used for trade off 
purposes. 

4.2 PHASE SHIFTER ANALYSIS 

4.2.1 PHASE QUANTIZATION 

Phase quantization plays a major role In determining array scan angle resolution. 
As more phase bits are used, descrete phase settings will more closely match a 
continuous phase taper across an aperture thereby giving higher resolution. A good 
correlation between the Ideal phase distribution and the quantized phases will 
also tend to produce higher peak gains and lower sldelobes at scanned angles. For 
tradeoff purposes a 3 bit, 5 bit and a 6 bit phase shifter were analyzed. A 10 
degree and a 21 degree array scan angle were Investigated. The Information 
obtained from this analysis Is plotted In Figures 4. 2. 1-4. 2.4. The corresponding 
array far field plots are given In Figures 4.2.5-4.2.23. 

4.2.2 PHASE SHIFTER ERROR 

Variations among phase shifter units will tend to have a degrading effect on peak 
gain and sldelobe performance. It Is therefore* Important to determine the amount 
of error that can be tolerated while still maintaining the required system 
performance. Plots of peak gain and maximum sldelobe level versus random phase 
error are plotted In Figures 4.2.23 and 4.2.24. The corresponding array far field 
patterns are shown In Figures 4.2.25-4.2.33. As can be seen, the array gain Is 
relatively unaffected by these perturbations were as the sldelobe levels are quite 
sensitive. 

4.2.3 PHASE SHIFTER FAILURE 

One of the attributes of an electronically scanned system Is graceful degradation. 
From a system reliability viewpoint, the analysis of random phase shifter failures 
becomes quite Important. In analyzing these random failures It Is Important to 
determine how many failures can be tolerated while still maintaining the required 
peak gain and sldelobe levels. 

In this Investigation 3, 5 and 8 random phase shifter failures were considered for 
an unscanned case as well as a 10 degree and a 21 degree array scan. Plots of peak 
'gain and maximum sldelobe level versus number of random failures are located In 


Figures 4.2.34-4.2.39 for the 0 t 10. and 21 degree array scan angles respectively. 
The array far field patterns used In deriving this Information are shown In 
Figures 4.2.40-4.2.67. Again the peak gain does not degrade notably for the cases 
considered, where as the sldelobe level Is directly related to the number of 
failures. 

4.2.4 RANDOM AMPLITUDE ERROR 

In addition to the random phase errors discussed earlier, random amplitude errors 
can also play a major role In system performance. Variations In manufacturnlg as 
well as In materials will cause fluctuations In amplifier performance. These 
perturbations will In general, affect the peak gain and sldelobe performance. To 
analyze the effects of there variations, a 0%, 5% and 10% uniformly distributed 
zero mean error function was used. In addition to the configurations mentioned 
above, a 13 ring hex array with 16 taper levels, a 16 ring hex array with 16 taper 
levels, and a modified 20 ring hex array with 16 taper levels were considered. 
Plots of peak gain and maximum sldelobe level as a function of amplitude error for 
all configurations are given In Figures 4.2.68 and 4.2.69, respectively. Both gain 
and sldelobe level appear to be Insensltve to these random perturatlons for the 
unscanned case. The array far field patterns used in obtaining this Information 
are found In Figures 4.2-70 through 4.2-87. 

4.2.5 RANDOM AMPLIFIER FAILURES 

In analyzing graceful degradation, random amplifier failures must also be 
considered. As In all cases previously discussed, the primary concerns when 
Investigating these random failures are peak gain and sldelobe levels. The 
objective here Is to determine the number of random amplifier failures that can 
occur while maintaining reasonable gain with relatively low side lobes. In this 
analysis 3, 7, 10 and 50 random failures were considered for a 0, 10 and 21 degree 
array scan. A summary of this analysis Is contained In Figures 4.2-88 through 
4.2-93. The array patterns from which this Information was obtained can be found 
In Figures 4.2-94 through 4.2-129. As can be seen from the summary plots, both the 
gain and the sldelobe level are dependent on the number of amplifier failures. It 
Is worth noting that 50 failures represent approximately 10% of the elements In 
the 13 ring case and about 5% of the elements In the 20 ring case. 

4.3 FREQUENCY EFFECTS 

The behavior of the array as a function of frequency must be considered In 
analyzing the system performance. Once again peak gain and sldelobe levels are the 
primary factors to be considered. For this Investigation a Y-polarlzed circular 
aperture served as the feed element. The feed was modelled at 30 GHz. An analysis 
of the array performance was done for a 0 degree, 10 degree, and 21 degree array 
scan angle. A 27.5 to 30 GHz frequency band was considered. The peak gain and 
maximum sldelobe Information derived from this analysis Is summarized in Figures 
4.3.1 through 4.3.6. As can be seen both the gain and the side lobes become more 
frequency sensitive as the array scan angle Is Increased. The array patterns used 
to obtain this Information are shown In Figures 4.3.7 through 4.3.33. 
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SECTION 5 


SECONDARY PATTERNS AND DISCUSSIONS 
5.1 SECONDARY PATTERNS COMPUTATIONS 


The procedure of computing the system secondary patterns are summarized below: 

Step 1. Compute Far-Flelds of the Array. 

The array weight determination Is described In detail In Section 
5.2. 

Step 2. Obtain the spherical mode coefficient representation of the array 
far fields obtained in Step 1. 

Step 3. Reconstruct the array far fields for verification and perform far 
field to near field transformation to obtain the array near fields 
at the subrelfector surface. 

Step 4. Determine the Induced current on the subreflector. 

Step 5. Compute the far fields contributed by the sub-dish current; 

represent the far fields In spherical mode coefficients (generally 
180 complex numbers would be sufficient); reconstruct the far 
fields for verifications and perform far field to near field 
transformation; and compute near fields at the main dish surface. 

An alternative Is to use NFPO to compute the fields at the main dish surface 
directly at the expense of approximately twice the computation time. 

Step 6. Comput the Induced main dish current and calculate the far fields. 

The method outlined above has been verified for three separate cases, for details 
see Section 1.3. 

5.2 ELEMENT WEIGHT DETERMINATION 
5.2.1 ELEMENT PHASE 

Two methods were used In this study to compute thee weights of the array elements. 
The first method was based on the array far field scan, and the second based on 
the scan of the system far field. 

In the first method, the phases are computed such that the rays emitted from the 
array elements are exactly In phase in the array scan direction. The computation 
Is pertinent only to the array, and no knowledge of the optical system Is assumed 
or needed. The resultant system main beam position depends upon the array scan 
angle and the characteristics of the optical system. The system beam deviation 
factor (system beam angle per degree of array scan) is a ^unction of scan 
direction. Generally, the beam deviation factor Is larger In directions away from 
the system optical axis and smaller In directions towards It. For Instance, the 
system scan is 4.3 degrees for 3.5 degree array scan In the direction away from 
"'the optical axis, and Is only 3.7 degrees for a 3.5 degrees array scan towards the 


optical axis. This presents a difficulty In deterlmlng the exact location of the 
system scan. 'n addition to this difficulty the first method provides no assurance 
that the parallel rays emitted from the array will be either In phase or In the 
same direction when they reach the scan plane (a plane normal to the system scan 
direction and passing through the focus, as defined in Section 1). In fact, the 
forward ray tracing (from the array to the main reflector) showed how the rays 
were neither In phase nor In the same direction (see Figures 1.3-8 through 1.3-11 
and 1.3-13 through 1.3-16). Due to these drawbacks, the second method was 
developed. 

The second method Is based on IRTT. The rays that reach the scan plane In the 
scan direction are forced to be In-phase. The rays must leave the elements at 
various angles In order to arrive at the scan plane In the same direction. Once 
the specific ray emitting angle from an element Is known, the optical path length 
from the array element to the output scan plane can be determined. The path length 
is used to determine the phase setting of the array element. 

5.2.2 ELEMENT AMPLITUDE 

Since there exists a one-to-one mapping correspondence between an array element 
and Its Image on the scan plane, a prescribed amplitude dltrlbutlon required for a 
specific sldelobe level can be translated to the array plane. For the static taper 
case, the amplitude taper of the array elements follows a binomial distribution. 
The circular contours In the array plane Image to "elliptical like* contours In 
the scan plane. Both the above cases were Investigated In this study. The above 
discussion has assumed a "transmit" viewpoint, but the result applies equally well 
to the "receive" case due to reciprocity. 

5.3 SECONDARY PATTERNS 

■ ■■ i "«■ i« ■ ■ / 

Table 5.3-1 summarizes the secondary pattern data which was obtained using an 
array static amplitude taper. The cases for which the taper Is determined In the 
scan plane and translated back to the array aperture are summarized In Table 
5.3-2. 

The secondary patterns used to generate Table 5.3-1 can be seen In Figures 5.3-1 
through 5.3-64 while the patterns used to generate Table 5.3.2 are plotted in 
Figures 5.3-65 thourgh 5.3-71 (located In Appendix A). 

5.4 IMAGING CONCEPT 


As Implied In the last section, the array element weights computed by the Inverse 
ray tracing technique (IRTT) should lead to a system scan angle exactly equal to 
the scan angle used In determining the element weights. This was Indeed the case 
as shown In Figure 5.3-65, were the angles A/E s 0/1.75 were used as the desired 
scan. The resultant system far field does point at exactly A/E*0/1.75. The 
verification can be considered as a first benchmark on the computer programs 
employed. 

For the same unscanned case, the phase settings of array elements are all the same 
and the array amplitude taper is mapped onto the scan plane as concentric circles, 
see Figure 5.3-4. The Implication of these two observations Is that the system far 
field patterns should match that computed for an equivalent array, which Is the 
^primary array enlarged by the system magnification factor M, placed In the scan 


TABLE 5.3-1 SUMMARY OF COMPUTED SYSTEM PERFORMANCE - -- Phase setting by array FF scan 



i 


Indicates the angles are Theta/Phi; otherwise , they are Az/El. 
indicates that the validity of the values are in doubt. 


TABLE 5. -2 SUMMARY OF COMPUTED SYSTEM PERFORMANCE PHASE SETTING BY SYSTEM FF SCAN 














* 


plane. Again, this deduction was verified by computer programs employed. 

Although there was good agreement In the above verification, several problems were 
encounted. 


1. The enlarged array did not produce cross-polarization patterns, while the 

computed system far fields In the unscanned case had a cross-pol peak 
gain about 23 dB below the man peak gain and occurred at one half beam 
width {3 dB) amy from the main lobe. The de-polarization amounted ot 

0.5% of the main beam power. Its presence was due to the nature of the 

offset reflector system. 

2. In the unscanned case, the discrepancies between the secondary patterns 

of the system and the enlarged array occurred at 35 dB or more down from 

the main lobe peak region and are believed to be due to the offset nature 

of the system. 


3. In the scanned case, the main lobe agreement between system far field and 
the enlarged ar*ay was limited to within one beam width ' about the main 
lobe, even though the sldelobe behavior was somewhat the same. This 
limited agreement was believed to be due to the effects of the element 
amplitude taper and the magnification factor (see figures 5.3-65 and 
5.3-70) where M*6 was used In the cases which were considered. For 
smaller M's (e.g. M*3), the agreement Is expected to Improve greately 
(see figure 2.2-19). 
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SECTION 6 


FEED ARRAY PACKAGING 

The modified hexgonal feed array can be packaged In a housing similar to the 
arrangements shown In Figures 6.1 and 6.2. The MMIC modules are attached to 
transverse heat pipes that terminate In radiator panels placed In some distance 
form the antenna where the heat can be dissipated. 

The corporate-feed waveguide network Is attached directly behind the MMIC modules 
and the entire assembly Is placed In a square housing. This approach provides the 
smallest size antenna feed array. The physical arrangement which permits the MMIC 
module assemblies to be Individually Inserted Into or removed from the antenna Is 
shown In Figure 6-3. The parallel rows of transverse heat pipes are spaced to 
provide adequate clearance for the modules to pass between them. Thru rods, which 
have stepped bosses for each amplifier, are placed on either side of the 
transverse heat pipe channel shown In Figure 6-3. The bosses on -the through rods 
are at a spacing slightly less than that provided for the transverse heat pipes. 
When the thru rods are 1nst.:Jlerf In the antenna, they pass through holes In the 
mounting flange of each output MMIC module. There are up to 33 rows of amplifiers 
and each thru rod has up to 33 bosses. The holes In the mounting flange of each 
MMIC module contain a steel bushing with a slotted hole, which Is slightly larger 
than the thru rod bosses. The module assembly Is Inserted Into the antenna and 
connected to the bulkhead containing the corporate feed output. Captive screws 
are provided In the module flange to make this connection. When all the the 
module assemblies are In place, the thru rods are put Into the antenna and pass 
through the slotted holes In each module mounting flange. Rotating the rods 90 
degrees causes the large area of the rod boss to contact the MMIC module flange 
and draw It down against the transverse heat pipe. When all the thru rods are In 
place, nuts are placed on the threaded end of the rod, which are then tightened to 
develop a p re- determined tension In the rod. This tensile force pulls each 
amplifier tightly against Its transverse heat pipe permitting the amplifier heat 
to flow readily Into the heat pipe. 

If It becomes necessary to remove a module from the antenna this can be 
accomplished by removing the four thru rods which hold the module to Its heat pipe 
and untightening the four captive screws In the module flange. The free module 
can now be removed from the antenna without disturbing any other modules. 

The housing Is the principal structure for the antenna feed array* The Individual 
support members from each component section attach to and derive their support 
from It. The base of the housing contains the mounting surfaces (pads) for 
attaching the antenna to the spacecraft. The aperture across the feed horn 
cluster can be covered with an astroquartz fabric which provides an RF transparent 
window and also diffuses the sunlight to minimize temperature gradients across the 
antenna aperture. The housing Is square measuring 18.0 Inches on the side. 
Access to the antenna components Is through removable access plates on the sides 
and base of the housing. 



Figure £.1 Peripherally Mounted Array 






Pigure C - Outer Structure 
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SECTION 7 
CONCLUSIONS 


The confocal Gregorian offset parabolic antenna system, fed by a hexgonal phased 
arr^y, was evaluated for CONUS scanning beam application. Several significant 
conclusions resulted from the study. 

The Inverse ray tracing technique (1RTT), a powerful analytic tool for deslgnand 
optimization of complex multiple reflector antenna systems was developed and used 
extensively In this study. The word “Inverse* refers to ray tracing from the scan 
plane (a plane normal to the system main beam and passing through the focal point) 
toward the source array plane. The tracing Is performed on parallel rays In the 
direction of beam scan. 

Using IRTT, the optical system can be designed optimally for a given M 
(magnification) and then array element weights (phase and amplitude) can be 
determined for any scan angle. The decoupling of the weight determination from the 
optical system design permits the designer to gain physical Insight and obtain a 
near optimum design by an efficient and economical procedure. Elaborate 
optimization programs can later be used on the obtained design for further 
Improvement such as sldelobe reduction and cross-polarization suppression. 


Specifically, the following features were obtained using IRTT for a preselected 
magnification and main dish size: 

(1) Location and size of the subdish 

(2) Location and size of the array 

(3) Main dish offset — to clear 
the blockage and to avoid main 
dish Image fold-back 

(4) Path lengths from the array elements 
elements to their respective Images 
on the scan plane 

(5) Amplitude taper at the array plane 
which was mapped from the desired taper 
at the scan plane 

(6) System orientation East-Vest, 

North- South assignment 

Extensive parametric studies were performed on the array. Included In the 
obtained graphs were array performance parameters (peak gain, sldelobe level, and 
grating lobes) versus parameters such as array shape ( circular, hex, and circular 
shaped hex), element spacing, number of elements, amplitude taper levels, phase 
quantization (3-6 bits), and number of element failures. 

Elimination of potential grating lobes, due to size and position of the sub dish 
Imposed the most stringent requirement on element spacing. Hence, determining the 
minimum number of array elements, for M»6 and a main dish diameter of 108“, the 
required feed array was 18“ In diameter and the grating lobe was required to be 
at least 50 degrees away from the scanned main lobe. The resultant array needed 
to meet these requirements was a 20-ring (1039 element) circular shaped hex array 
'(102 elements deleted from a 20 ring hex array of 1141 elements), with an element 
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spacing of .53" (1.333 at 30 GHz). Tht hex array has the roost dense element 
packaging and, hence, the largest angular discrimination between the grating lobe 
and the main lobe. Also, the corner elements of a hex array can be deleted without 
significant effect, due to the level of tapering. Therefore, the circular shaped 
hex was selected for this study. As a result of the parametric analysis, it can be 
concluded that a 5-blt phase shifter will provide adequate phase resolution. A 1/2 
bit random phase error can be tolerated In the NNIC modules without Introducing 
serious performance degradation. A 26 level taper with a 20 ring modified hex 
arrsy provided ample margin on the sldelobe requirement. A sixteen level taper 
could also be utilized with satisfactory performance. Due to the number of 
elements used In the Gregorian set-up, a 10X random amplitude error has a very 
small effect on the system. A failure analysis showed that the system will 
maintain the sldelobe and peak gain requirements with up to 50 random amplifier 
failures or up to 8 random phase shifter failures. A more In depth failure 
analysis Is required before any element failure conclusions can be made. 

One of the main objectives of this study was to Investigate the feasibility of an 
array static taper. The array amplitude taper was Initially chosen to be 5 levels 
(0, -3, -6, -10, -13 dB), and was later expanded to 26 levels (from 0 to -20 dB 
according to a blnamlal distribution), since a 5 level taper could not provide a 
secondary pattern with sldelobe levels better than -26 dB. 

As a comparison to the results of the static taper, the amplitude taper across 
the scan plane was assumed to have a binomial distribution of the form : A+B(l-( 
/a)**2))**2 with A»0.1, B*0.9; and this taper was mapped to the array plane to 
determine the array element amplitude setting ( referred to as the Imaged taper). 

Secondary patterns scanned to an AZ/EL angle of 0/1.75 degrees were obtained for 
both the static and the Imaged taper, (with M*6, main dish diameter* 108") and the 
array element phase settings were derived using IRTT. The static taper gave a 
better pattern than dl^ *he Image taper. This result seemed Improper at first but 
Is actually quite rco.istlc and explained In the following. The Images of the 
constant level contours of a static taper appear In the scan plane as concentric 
ellipses. The outermost ellipse corresponds to the edge of the circular array and 
defines the boundary of the effective scan plane aperture. The constant level 
elliptical contours provide a better scan plane aperture utilization efficiency 
than do the circular contours of the lagged taper case. The aperture Is not used 
efficiently In the Imaged taper cate, because there are disjointed "leftover" 
areas between the ellipse and the largest Inscribing circle. The difference In 
utilizing the scan plane aperture loads to a higher tapering efficiency of the 
static taper than that of the Imaged taper. 

The Imaged taper would have the highest efficiency If the effective scan plane 
aperture were made circular. Such an aperture Implies an elliptical array for a 
non-zero «can (circular array for an unscanned case). If the array elements are 
stacked In a "hexagonal” manner, an elliptical array requires that all the array 
elements are to be of an elliptical shape In order to maximize the array aperture 
usage. Unfortunately, the elliptical shape rhanges as a function of scan angle. 
This Implies that an Imaged taper can be Implemented only for a specific scan 
angle to obtain a maximum taper efficiency. The st«t1c taper would provide a 
global near optimum performance. A set of secondary patterns were obtained. They 
were divided Into two groups. The first group was summarized In table 5.3-1, where 
,the element phase was deteremlned by the array far field scan and the optical 
system was neither needed or used. The second group Is summarized In table 5.5-2, 


where the element phase was determined from the path lengths calculated using 
IRTT. In this case the optical system Information Is required. The steps used In 
group L should be followed In future design work and are summarized below: 

STEP 1 Select the optical system parameters 
M Magnification 

FLI Main dish focal length 

F/D FLI divided by main dish diameter 

Q Main dish offset 

Za Array plane distance to the focal plane 

STEP 2 Verify the parameters by IRTT (Inverse Ray Tracing 

technique) for various system scans. Determine the main dish Images 
on the subreflector and on the array plane. Specify the size and 
location of the sub dish and array aperture. Check for blockage as 
well as the occurance of "fold back". 

STEP 3 Freeze the parameters and compute the weights of the 
array elements using IRTT for desired system scans. 

STEP 4 Predict system performance for each scan direction. . 

a) Gmax peak gain (main pol. and cross pol.) 

b) Gain versus Beam Angle (main pol. and cross pol.) 

c) Beamwidth vs. scan position 

d) SldelobeSj PPeak value and location 

STEP JL Optimize the system performance for a given scanning 

direction. Optimization programs may be employed to fine tune the 
weights of the array elements at a particular scanning direction. To 
utilize the optimization programs, the far field patterns of each of 
the array elements (or cluster of elements) are first computed based 
upon the optical system parameters obtained above. Target values are 
then selected at various points and the element weights (phase and 

magnitude) are optimized to match these specified values. 

The aperture Imaging concept has been justified in this study for both unscanned 
and scanned cases. It was fully justified for the unscanned case where excellent 
agreement was obtained between the system secondary pattern and the pattern 
obtained from an enlarged array placed In the scan plane. 

The imaging concept was also justified for the scanned case where the system peak 
gain and location were in excellent agreement with the Imaged array. A 
dlscrepency in the shape of the main lobe below ** dB Is well understood as 

explained In conclusion #3. The dlscrepency could be eliminated for any specific 

scan angle provided that the array and horn element were both designed for the 
desired angle . Different array and horn shapes would be required for each scan 
angle In order to eliminate the afore mentioned dlscrepency. 

It Is desirable to minimize the main reflector offset . The constraints are the 
blockage clearance and the "Image fold-back". The Image fold-back phenomenon was 
discussed In section 2 .2.2. In the fold-back region, the path length variation per 
element spacing changes sign and increases In magnitude almost exponentially, thus 
the fold-back region must be avoided. The limitation on the minimum main dish 
offset Imposed by fold-back suppression may be more critical than the blockage 
restriction. 


Mechanical 

6 ) 


considerations of the feed array packaging were included. (See section 
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